This paper explores the effects of vertical ground motions (VGMs) on the component fragility of a coupled bridged-soil-foundation (CBSF) system with liquefaction potential, and highlights the unique considerations on the demand and capacity model required for fragility analysis under VGMs. Optimal intensity measures (IMs) that account for VGMs are identified. Moreover, fragility curves that consider capacity change with fluctuating axial force are derived. Results show that the presence of VGMs has a minor effect on the failure probabilities of piles and expansion bearings, while it has a great influence on fixed bearings. Whether VGMs have an impact on column fragilities depends on the design axial load ratio. Finally, more accurate fragility surfaces are derived, which are compared with results of conventional fragility curves. This study highlights the important role that VGMs play in the selection of optimal IMs, and the capacity and fragility representation of certain components of CBSF systems. [DOI: 10.1193/1.4000170]
INTRODUCTION
Bridges are key components of transportation networks and play an important role in social and economic development. However, they are susceptible to damage under earthquakes especially in the presence of liquefiable soil. Therefore, seismic risk assessment is essential for adequately choosing appropriate design or retrofit measures to improve bridge response during earthquakes. Typical deterministic seismic analysis approaches are not able to account for inherent uncertainties associated with the seismic responses of bridges Elnashai 1996, Kim et al. 2011) . In contrast, bridge fragility curves, which express the probability of a bridge reaching or exceeding a certain damage state for a given ground motion parameter (Mackie and Stojadinovic 2003 , Nielson and DesRoches 2007a , 2007b , play an important role in seismic risk assessment and investment decision making.
Several researchers have studied the seismic fragility of bridges in the past using different levels of model sophistication. DesRoches (2007a, 2007b ) performed a comprehensive fragility analysis using nonlinear time-history analyses of several sophisticated bridge models with multiple damage mechanisms typical of central and eastern United States (CEUS) bridges, but the bridge foundations and soil material were modeled as lumped springs. Similarly, Mackie and Stojadinovic (2006) conducted fragility analyses using nonlinear time-history analysis on multi-span California highway bridges where bridge foundations were either fixed or modeled as springs. Zhang et al. (2008) efficiently evaluated the fragility of different bridge classes typical of California by considering soil liquefaction effects through an equivalent static analysis procedure. Recently, Pan et al. (2010) carried out fragility analyses to quantify improvements from retrofitting methods by comparing fragility curves and fragility surfaces of a typical multi-span simply supported steel bridge in the state of New York before and after different retrofit strategies with the foundations modeled as lumped springs. Kwon and Elnashai (2010) also developed fragility curves with a sophisticated bridge model including soil structure interaction (SSI) but excluding potential liquefaction effects.
Although previous work has contributed significantly to the enhancement of the fragility analysis of highway bridges, the effects of soil-pile interaction are accounted for in most papers through lumped springs whose properties are obtained from empirical data. However, the lumped spring approach cannot fully represent the complexity of soil behavior or the uncertainties associated with soil properties. In addition, most papers did not consider the liquefaction effect. Even in the recent studies that explicitly model SSI with liquefaction effect in the fragility analysis (Aygün et al. 2011) , the results are incomplete in the sense that these studies neglect the influence of vertical ground motions (VGMs) on the seismic vulnerability of bridges. This highlights the need for bridge reliability assessment models that can explicitly account for SSI and VGMs while maintaining an acceptable computing time for probabilistic analyses.
Several publications have investigated the effect of VGMs on the seismic response of highway bridges. Both observational field bridge damage and time history analysis have shown that the inclusion of VGMs has a great influence on the seismic response, especially in the axial force demand of columns, which may lead to shear failure or yielding under bending moments that are much lower than the anticipated design capacity (Saadeghvariri and Foutch 1991 , Papazoglou and Elnashai 1996 , Kim et al. 2011 . The vertical component of ground motion was also found to cause significant amplification in moment demands in girders at both the mid-span and the face of the bent cap (Veletzos et al. 2006 . In particular, the amplification of negative moments in the mid-span section was found to exceed the capacity. Most of the mentioned studies are deterministic and focus on the response of the bridge decks and columns, while other key components sensitive to VGMs and load fluctuations (e.g., bridge bearings and piles) have not been explicitly modeled. In addition, little research has focused on the fragility analysis of CBSF systems under the combined effect of horizontal and vertical ground motions. Moreover, although probabilistic seismic demand models (PSDMs) are available in the literature for horizontal ground motions (HGMs), few studies have identified an optimal intensity measure (IM) which can display a good correlation with engineering demand parameters (EDPs) influenced the most by VGMs.
The purpose of this paper is to explore the effect of vertical ground motions on the fragility of key components of a coupled bridge-soil-foundation system (CBSF) considering soil heterogeneity and liquefaction potential. A fragility curve and fragility surface methodology is also presented to capture relevant IMs, along with its application to the chosen CBSF system via nonlinear time history analyses. The proposed methodology is demonstrated using a bridge type commonly found in the CEUS region. The main innovations of this study include:
1. The development of an efficient finite element model that can reasonably capture soil heterogeneity and liquefaction effects while accounting for VGMs and maintaining an acceptable computing time for fragility analyses. 2. The comparison of several ground motion IMs to identify an optimal metric for probabilistic seismic demand analysis in which the characteristics of VGMs are included. Then to improve the dispersions of PSDMs, optimal vector-valued IMs which include the characteristics of both HGMs and VGMs are also identified. 3. The development of capacity models for columns and piles that account for the capacity change with axial force variation. In previous studies, the structural capacity for a given limit state was assumed to be constant. However, the capacity of bridge columns and piles varies with different axial force levels and this is particularly important to consider because VGMs can generate significant axial force fluctuations in columns and piles. Neglecting capacity change with axial force fluctuation can have a great impact on the accuracy of component fragility estimates. 4. The identification of CBSF system components whose fragilities are sensitive or not to VGMs. In most published research, fragility curves for bridges only consider HGMs, which may underestimate the failure probability of the bridge components or system, especially in near fault regions where VGMs may have a great influence on the seismic response.
MODELING APPROACH OF THE CBSF SYSTEM TO ACCOUNT FOR VGM EFFECTS
A multi-span continuous steel (MSCS) girder bridge typical of the central and eastern United States (CEUS), and particularly the state of South Carolina (SC), is used to explore the effects of VGMs on the fragility analysis of the bridge and its key components. The elevation view of the chosen bridge with liquefiable soil profiles and cross section of several key components for this study is shown in Figure 1 . Although the case study considers a representative MSCS bridge in the CEUS region, the finite element modeling strategy as well as the method to incorporate the effects of VGMs when assessing seismic fragility can be used to analyze other types of bridges in CEUS or other regions. The Open System for Earthquake Engineering Simulation (OpenSees) is used to perform the nonlinear dynamic analyses for the CBSF system. Detailed information on the CBSF modeling approach in OpenSees, including unique considerations in capturing the effect of VGMs, is presented by Wang et al. (2013) , which uses a symmetric set of soil profiles and couples one-dimentional (1-D) p-y, t-z, and q-z springs with two-dimensional (2-D) soils for keeping track of pore water pressures and the degradation of the soil stiffness after liquefaction and three-dimensional (3-D) bridge models. However, the present study accounts for the effect of soil heterogeneity by using asymmetric soil profiles with a reasonable number of soil layers as shown in Figure 1 . This 1-D/2-D/3-D modeling strategy has been verified by the authors through the more complex and computationally intensive 2-D soil modeling approach considering different soil profiles. Comparatively, good results have been obtained for the non-liquefiable soils and liquefiable soils without lateral spreading or slope instability. The limitations of 1-D/2-D/3-D models are that they cannot be used to simulate liquefaction-induced settlement, lateral spreading, and slope instability, which are beyond the scope of this study but are part of on-going research by the authors and others in the field. This 1-D/2-D/3-D modeling approach can capture SSI with liquefaction effects while maintaining an acceptable computing time compared to the sophisticated two-dimensional or three-dimensional soil foundation models. The 1-D/2-D/3-D modeling approach also provides the opportunity for probabilistic risk assessment of entire inventories of bridges and associated bridge networks.
SELECTION OF INPUT GROUND MOTIONS
Near-fault ground motions are generally characterized by both long-duration horizontal pulses and high-frequency motions in the vertical direction, with high values of the acceleration ratio (PGAV/PGAH), defined as the ratio between the peak vertical acceleration, PGAV, and peak horizontal acceleration, PGAH (Mazza and Vulcano 2012) . In this paper, a suite of 40 earthquake ground motion records at varying hazard levels are selected from the PEER strong motion database for adequate fragility analysis as listed in Table 1 . These PEER records are used due to the scarcity of actual earthquake data or synthetic motions with vertical components in central and eastern United States. The records are all near-fault ground motions with closest distance less than 30 km. Figure 2 shows the response spectra of the 40 ground motions in the horizontal direction and vertical directions along with the frequency histograms of the PGA values, which demonstrates that the energy content of the VGM is mainly stored in the short periods. The PGAH varies greatly, ranging from a minimum value of 0.204 g to a maximum value of 1.779 g. The nonlinear time history analyses of the CBSF system are carried out in two stages: at first, only horizontal components of the motion are applied, while in the second stage both horizontal and vertical components of the ground motions are applied simultaneously. In each analysis, critical components' displacements and forces are monitored to gain an insight into the effects of vertical accelerations on the response of bridge structures.
SELECTION OF THE OPTIMAL INTENSITY MEASURES THAT ACCOUNT FOR VGMS
The ground motions are characterized by intensity measures (IMs) and their choice plays a crucial role in the fragility analysis of bridges. An optimal IM is one that has good efficiency, practicality, sufficiency, hazard computability, and predictability among other characteristics (Mackie and Stojadinovi 2001 , Giovenale et al. 2004 , Padgett et al. 2008 . Several studies have investigated the effects of using different IMs, such as PGA, PGV, spectral acceleration, and others (Mackie and Stojadinovic 2003 , Padgett et al. 2008 , Bradley et al. 2009 , Shafieezadeh et al. 2012 . So far, most researchers have adopted PGA and spectral acceleration at the fundamental period as the ground motion intensity measure when assessing the fragility of bridges. However, most studies did not consider VGMs in determining optimal IMs. In addition, previous studies have shown that PGA is not an ideal IM for evaluating liquefaction because it cannot consider the duration of the ground motions (Kramer et al. 2008) . Determining the optimum IM is still a challenge especially for coupled bridge-soil-foundation (CBSF) systems when liquefaction is considered. One of the objectives of this study is to identify an optimal IM for the seismic response of CBSF systems under the combined effect of vertical and horizontal ground motions.
INTRODUCTION OF PROBABILISTIC SEISMIC DEMAND MODELS (PSDMs)
A PSDM offers a relationship between peak demands on a structure and the ground motion IM. Cornell et al. (2002) proposed that the median seismic demand on steel frame buildings approximately follows a power law, which is a function of the value of the chosen IM. This model Equation 1 has also been widely adopted for bridges, particularly under horizontal-only ground motions: E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 1 ; 4 1 ; 1 0 4 
where S D is the median value of structural demand, and a and b are regression coefficients.
Different ground motion parameters should be used as IMs depending on the governing response characteristics of the structure considered. Since the seismic response of a CBSF system is complex, especially when VGMs are considered, it is necessary to examine a wide range of potential IMs and identify the optimum IM for the prediction of bridge response.
The engineering demand parameters (EDPs) considered for the development of PSDMs herein were selected among the structural response parameters that were most significantly influenced by the inclusion of VGMs. Results from prior studies (Saadeghvariri and Foutch 1991 , Button et al. 2002 , Kim et al. 2011 , Wang et al. 2013 showed that the following EDPs are impacted significantly by VGMs: the bending moment demand at the middle of the end span, at the center of the bridge, and at the bents; the axial force of the columns, which will have an effect on the flexural and shear capacity of the columns; and the normal force of the bearings that in turn affects their force displacement relationship. Although VGMs do not have a great impact on the seismic demand of the pile cap displacement and the maximum axial force of the piles, it may have some influence on the pile capacity due to the pile axial force variation. Regarding bridge deck bending moments, the flexural capacity of the girders in the positive direction is adequate to resist the increase in the demands due to the VGMs. However, the amplification of the moment demand in the negative direction may exceed the capacity, especially for deck moments at the center of the end span. In terms of the columns, their axial force demands are not a concern since they do not exceed their axial capacity, although the significant fluctuation of axial forces has a great impact on the poorly confined columns' shear and flexural capacity. However, the decrease of shear capacity due to the axial load fluctuation is not expected to cause the failure of the columns as their design and behavior is flexure dominated even if axial load fluctuations are considered (Wang et al. 2013) . For the bearings, the significant fluctuations of the normal force may have a great impact on the seismic demand on the bearings. Therefore, PSDMs are developed for the columns, piles, negative deck bending moment at the middle of the end span, and the expansion and fixed bearings.
For the columns and the piles, whose capacities are changing with the axial force demand caused by the VGMs, the peak values of the drift ratio and the pile cap displacement do not necessarily occur at the most critical axial load demand. Therefore, the time histories of the column drift ratio and the pile cap displacement are divided by the capacities at the corresponding axial load for each analysis time step to get demand-capacity ratios and monitor the maximum level. For the bridge deck and the bearings, the maximum demand-capacity ratio occurs at the same time step with the maximum demand since their capacities for different limit states are constant.
When scalar IMs are adopted for the demand modeling, only one IM can be chosen to depict the ground motion characteristic. Hence, PSDMs are built to explore optimal IMs for components that are influenced by both horizontal and vertical ground motions. Either IMs from the horizontal motions or IMs from the vertical motions are considered, depending upon the dominant influence of ground motion component on the bridge component behavior. For example, analysis of results show that the negative bending moments of the deck at the middle of the end span are mainly caused by the VGMs and can be decoupled from the HGMs. This conclusion is in line with the results obtained by . Therefore, the optimal IM for the negative deck bending moment should be obtained from the VGMs. The maximum axial force of the columns and the maximum normal force of the bearings are also mainly influenced by VGMs. Although the normal force variations of the bearings can affect the stability of the steel bearings or cause the pullout of the bolt, this type of failure of the bearings is not well understood and additional tests are needed to verify the failure of the bearings caused by normal force variation coupled with lateral load. Therefore, this study mainly focuses on the influence of significant variations of the normal force on the mechanism of the load transfer through the bearing. For instance, if normal forces are zero or tensile, the lateral frictional force transferred from the bridge deck to the bearing will reduce substantially. The bearing model used in this study can update the normal force at every time step automatically to account for the change of the frictional horizontal force transferred from the deck (Wang et al. 2013) . Hence, the axial force of the columns and normal forces of bearings are chosen as EDPs in order to check which IMs from VGMs are optimal for EDPs that are mainly affected by VGMs. As listed in Table 2 , Geometrical mean of the spectral acceleration at the elastic and nonlinear horizontal fundamental period g x
S a1
Spectral acceleration at the period of the first vertical mode g x S a2
Spectral acceleration at the period of the second vertical mode g x S a12-GM Geometrical means of spectral acceleration at first and second vertical periods g x S a12-SRSS Square-root-of-the-sum-of-squares (SRSS) of spectral acceleration at first and second vertical periods g x Note: IMs from either HGMs or VGMs or both are indicated by "x"; for example, PGA is used to describe both horizontal PGA and vertical PGA, whereas Sa1 is used to describe the spectral acceleration of the vertical ground motion at the period of the first vertical mode.
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a total of 14 different IMs from HGMs are considered for the column drift, pile cap displacement and bearing displacement, which are dominated by HGMs and also influenced by VGMs. Another 14 different IMs from VGMs are also considered for the negative deck bending moment, maximum axial force of columns, and maximum normal force of fixed bearings. Table 2 indicates if the IM is considered for the HGM, VGM, or both. The first ten IMs are evaluated for both the HGMs and VGMs. The choice of these IMs is mainly based on the literature review and prior deterministic analyses by the authors (Wang et al. 2013 ).
NONLINEAR TIME HISTORY ANALYSIS WITH LATIN HYPERCUBE SAMPLING
There are inherent uncertainties associated with the seismic responses of the CBSF system due to either ground motions or soil structure interaction (e.g., structural properties, soil properties, liquefaction mechanism, ground movement, etc.) The uncertainties in the structural and geotechnical model such as concrete and steel strengths, bearing friction coefficients, damping ratio, gap between deck and abutment, soil density, and cohesion and friction angles of the foundation soil are all treated as random variables whose specific probability distributions are based on literature reviews (Nielson 2005 , Aygun et al. 2011 , Zhang 2006 , Nielson and DesRoches 2007 and compiled in Table 3 . Using a Latin-hypercube sampling technique (Ayyub and Lai 1989) , 40 bridge models are generated accounting for the epistemic uncertainty in material properties, component behaviors and damping, each of which is subjected to one of the chosen ground motions. After each nonlinear time history analysis, the maximum demand/ capacity ratios or the maximum demands are recorded, and regression analyses are carried out to establish the relationship between the EDPs and the IMs for different components.
OPTIMAL IMS THAT ACCOUNT FOR VGMS FOR KEY COMPONENTS OF THE CBSF SYSTEM
An efficient IM reduces the amount of variation in the estimated demand for a given IM value (Giovenale et al. 2004) . Employing an efficient IM yields less dispersion about the estimated median in the results of the nonlinear time history analysis, which is captured in this study by low values of β DjIM , and estimated by Equation 3 (Padgett et al. 2008 ):
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 3 ; 6 2 ; 2 6 5
Practicality refers to whether or not there is any direct correlation between an IM and the demand placed on the structure. If an IM is not practical, there is little or no dependence of the level of structural demand upon the level of the IM. Practicality is measured by the regression parameter b in the PSDM. Proficiency measures the composite effect of practicality and efficiency. A more proficient IM has a lower modified dispersion, ζ, which is an indication of the uncertainty introduced into the analysis by use of a particular IM. The proficiency is defined as (Padgett et al. 2008 ):
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 4 ; 6 2 ; 1 2 5
Before exploring the IM effects on PSDMs, key bridge components are chosen for detailed analyses. The results of the nonlinear time history analysis for the CBSF system show that columns in the second bent have larger drift ratios than columns in the first bent for most of the 40 cases analyzed. Hence, columns in the second bent have higher risk of damage and are chosen for fragility analyses. Although fragility analysis of the piles at all locations are conducted, the results also show that the piles at the second bent are the most vulnerable and hence selected. The reason that columns and piles at the second bent are more vulnerable is that the crust layer above the liqeufiable layer at the second bent is stiff clay while the crust layer at the first bent is soft clay. Compared to soft clay, stiff clay can provide more resistence and associated demands to the pile and columns when liquefaction occurs. Results indicate that liquefaction occurs for most of ground motions considered. Several studies have investigated (Ledezma 2007 , Zhang et al. 2008 . However, the effect of liquefaction on the vertical seismic response of bridges under VGMs was not considered in these prior studies. The liquefaction effect on the seismic response of the chosen CBSF system under HGMs has been studied by Aygün et al. (2011) , who showed that liquefaction tended to increase the displacement of the expansion and fixed bearings while liquefaction reduced the curvature ductility of the column. The authors (Wang et al. 2013 ) have investigated the influcence of liquefaction on the vertical seismic response of the CBSF system and obtained several general conclusions. Regarding the columns, the results showed that liquefaction also tends to reduce their axial force fluctuations (Wang et al. 2013 ). In addition, the influence of liquefaction on the vertical seismic response can be either beneficial or detrimental depending on the frequency content of the individual motions and their relation to the dynamic properties of the CBSF system. The results herein capture such effects of liquefaction on horizontal and vertical seismic behavior when evaluating the fragility of the CBSF system. Table 4 lists the top four scalar IMs for HGMs based on their overall efficiency, practicality and proficiency for the column drift, pile cap displacement and bearing displacement for the complete damage states, which are influenced by both HGMs and VGMs. The IMs are listed in increasing order of efficiency. For other damage states, the conclusions are the same as for the complete damage state. Table 4 shows that PGD is the most efficient IM for the columns and piles but PGD is not good for the expansion bearings and fixed bearings, and is not even in the list of the top four IMs. PGV and VSI are good for all of the components and PGV is repeatedly better than VSI. Based on the proficiency values given in Table 4 , PGV is the best IM for the CBSF system, and also consistently ranks among the top IMs on the basis of efficiency across all components. Figure 3 illustrates the PSDM in the lognormally transformed space and parameters estimated from the regression for PGV. It can be seen from the figure that for the piles and expansion bearings, the PSDM using the scalar IM from HGMs is very good, despite the potential impact of VGMs on the component demands. However, for the columns and the fixed bearings, the scalar IM from HGMs alone cannot predict the seismic demand as accurately given the significant influence of both HGMs and VGMs on component behavior. These results are also reflected by the coefficient of determination from the probabilistic seismic demand analysis. These deficient PSDMs using scalar IMs from HGMs can be improved with vector-valued IMs that combine vertical and horizontal ground motion IMs, which will be discussed in a later section. Table 5 presents the parameters establishing PSDM functional relationships of the negative deck bending moment, the maximum axial force of the columns and the normal force of the bearings, which are influenced mainly by VGMs. In this table, the top four IMs from the vertical ground motions are presented. It can be seen that the Arias intensity is the most efficient IM for the negative bending moment, followed by S a12-SRSS . When considering the composite effect of practicality and efficiency, S a12-SRSS is superior. For the axial force of the columns and the normal force of the fixed bearings, S a2 is the best IM from the perspective of efficiency and proficiency, followed by S a12-SRSS . However, S a2 may be specific to this case study and not generalizable. Therefore, more generalizable S a12-SRSS which combines the characteristics of spectral accelerations at the first and second periods is recommended as the optimal IM for the EDPs that are caused mainly by VGMs. Moreover, the results show that the spectral acceleration at the second vertical mode of the bridge deck is more efficient than spectral acceleration at the fundamental vertical mode. This differs from the horizontal only vibration case when the spectral acceleration at the fundamental period of the structures is often used as a good IM to predict the seismic response of structures. A better correlation between the negative deck moment and S a12-SRSS is observed, and this can be explained by the significant contribution of higher modes (mode 2) in the vertical direction response of the bridge. This phenomenon has been observed by the authors (Wang et al. 2013 ) through the Fourier spectra of the acceleration of the bridge deck from the presence of several peaks corresponding to the first few vertical natural frequencies of the bridge. Regarding the mass participation of such vertical motions, analyses reveal that the mass participation of the first vertical mode is 15% and the mass participation of the second vertical mode is 36% for the case study bridge. These results indicate that the second vertical mode plays an important role in the vertical seismic response, and highlight the need for higher mode inclusion in the response analyses (Wang et al. 2013) . Figure 4 illustrates the PSDM in the lognormally transformed space and parameters estimated from the regression for S a12-SRSS . It can be seen from these figures that the dispersions are very small, therefore a scalar IM of S a12-SRSS from VGMs alone can predict the seismic demand well for the deck negative bending moment demand-capacity ratio, column axial force, and fixed bearing normal force. 
SEISMIC FRAGILITY ANALYSIS FOR KEY COMPONENTS OF THE CBSF SYSTEM
Fragility curves capture the conditional probability of a structure to reach or exceed predefined damage states given an IM. If both the demand and the capacity of the structural components are assumed to follow a lognormal distribution, the conditional probability can be defined as: E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 5 ; 4 1 ; 2 1 6
where ΦðÁÞ is the standard normal cumulative distribution function; D is the structural demand; C is the structural capacity; S C is the median value of structural capacity; β D∕C is the logarithmic standard deviation of the demand-capacity ratio; and β C is the logarithmic standard deviation of the capacity. The probabilistic models for the seismic demands are obtained from the PSDM analysis in the previous section. If capacities are estimated for each bridge component, then fragility curves can be generated using Equation 5. The capacities for the components will be discussed in following section.
LIMIT STATES FOR THE FRAGILITY ANALYSIS
Limit states for bridge components combine a qualitative description of their level of damage and associated traffic closure times with a quantitative metric of their physical state Nielson and DesRoches 2007) . Often four damage states-slight, moderate, extensive, and complete-are defined for the fragility analysis of bridges. The capacity limit states associated with each damage state can be described by the median values and the dispersions for the selected limit states of various bridge components. In addition, for the columns and the piles, the capacity change with the fluctuation of axial force induced by VGMs should be considered. A summary of the capacity limit states for each damage state of key CBSF components is shown in Table 6 , and the following sections provide descriptions of the limit states adopted including unique considerations when the structure is subjected to VGMs.
COLUMNS
There are a number of different measures that are available for defining the limit states of reinforced concrete columns. These metrics include drift ratio, displacement ductility, residual displacement, and curvature ductility, among others. In this study, the drift ratio is adopted as the EDP for columns. The drift ratio is defined as the ratio of relative displacement between the top and the base of the bridge piers to their height. Several values for the drift collapse limit state have been suggested in the literature and in seismic codes. However, most of them neglect the influence of the variations of the axial force on the limit states of column. Berry and Eberhard (2003) developed empirical equations to estimate deformations at bar buckling and cover concrete spalling based on theoretically expected trends in drift ratios considering the axial force of the columns. The bar-buckling equation coefficients were Berry and Eberhard (2005) . The resulting equations for the drift ratio at the onset of cover spalling and bar buckling are provided below in Equations 6 and 7, respectively: E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 6 ; 4 1 ; 6 1 5
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 7 ; 4 1 ; 5 6 8
where Δ sp is the column relative displacement at the onset of cover spalling; Δ bb is the column relative displacement at the onset of bar buckling; K e-bb = 40 for rectangular-reinforced columns and 150 for circular columns; ρ ef f ¼ ρ s f ys ∕f 0 c , ρ s = volumetric transverse reinforcement ratio; f ys = yield stress of the transverse reinforcement; d b = diameter of the longitudinal reinforcing steel; P = axial load, A g = gross area of the cross section; f 0 c ¼ concrete compressive strength; L = distance from the column base to the point of contraflexure; and D = column depth. The ratios of the measured displacements at cover spalling Δ sp to the displacements calculated with the proposed model had a mean of 1.07 for spiral-reinforced columns with a coefficient of variation (COV) of 35% (Berry and Eberhard 2003) . The ratios of the measured displacements at bar buckling Δ bb to the displacements calculated with the proposed model had a mean of 0.97 and a COV of 24% for spiral-reinforced columns (Berry and Eberhard 2005) . Bar bucking corresponds to the complete damage state herein and cover spalling corresponds to the moderate damage state based on the damage process of reinforced concrete columns. Capacities for slight and extensive damage states that consider the change of axial force are still lacking. This paper uses the yield of the reinforcement and two thirds of the displacement at the bar bucking as the slight and extensive damage state, respectively.
PILES
Pile cap displacements are often used to quantify pile damage because they can be easily computed (Ledezma 2007) and are easier than other metrics to observe in the field to assess pile foundation integrity and performance (Aygün et al. 2011) . It has also been found that the peak lateral pile cap displacement correlated well with the peak curvature of the pile (Bradley et al. 2009 ). However, traditional limit states for piles, if considered in fragility analyses, are assumed constant during the seismic excitation without considering any axial force variations. In this study, pile limit states are established from pushover analyses in OpenSees accounting for lateral soil pile interaction. Different levels of axial force in the piles are analyzed to evaluate the change in capacity as a function of axial load. First yield, second yield, two thirds of ultimate, and ultimate curvatures of the piles are adopted to capture slight, moderate, extensive, and complete damage states, respectively. These levels of curvature are related to the lateral pile cap displacement from the pushover analyses. This SSI analysis is needed because pile limit states are a function of not only their design, but also the soil profiles in which they are embedded. Regression of the limit state capacities, measured as pile cap displacements, versus axial force is conducted based on the least square method. Results show that a quadratic regression between the pile cap displacement and axial force is adequate, with a coefficient of determination of the regression larger than 0.95. The resulting equations for pile cap displacements in centimeters (cm) at the second bent for the four 952 Z. WANG, J. E. PADGETT, AND L. DUEÑAS-OSORIO damage states are provided below. For the first yield damage state, the influence of axial force variations is negligible and a constant value is adopted:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 8 ; 6 2 ; 6 1 5
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 9 ; 6 2 ; 5 8 4
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 1 0 ; 6 2 ; 5 5 6
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 1 1 ; 6 2 ; 5 2 9
where Δ s is the pile cap displacement capacity for slight damage, Δ m for moderate damage; Δ e for extensive damage, Δ c for complete damage, and P (kN) is the axial force of the pile (positive for compression). Results from structural analysis under low intensity ground motion have lower variability than results under high intensity ground motions (Kwon et al. 2007 ). Therefore, this paper assumes a coefficient of variation of 0.25 for slight and moderate damage states and 0.5 for extensive and complete damage states for the piles (and bridge deck) based on the authors' judgment and literature review.
BEARINGS
The damage states of high-type steel bearings are usually determined based on experimental data. Typically, the bearing displacement is used to describe the damage states. The median values and dispersions of the prescriptive limit states previously used in the work by Nielson (2005) are used in this study as listed in Table 6 . These limit states values are based on the tests by Mander et al. (1996) . The influence of normal force variations coupled with lateral load on the capacity of the bearings is not well understood and requires future study, including additional testing to verify the influence of normal force on the limit state capacity of the high type steel fixed and expansion bearings considered.
BRIDGE DECK
Little research has focused on the limit states of the bridge deck because the deck is typically expected to remain linearly elastic under seismic loading. However, this may not be the case for the bridge subjected to VGMs. Since the composite bridge deck has a limited negative bending capacity, the moment demand may exceed the capacity in the negative direction when VGMs are considered, especially for deck moments at the center of the end span (Wang et al. 2013) . In this paper, only the complete damage state of the bridge deck corresponding to the bending moment that causes the upper concrete reach the tensile strength is adopted based on the section properties of the deck. Figure 5 compares the fragility curves for the columns, the piles, the expansion bearings and the fixed bearings with the effect of VGMs (H & V) and without them (H). These fragility curves use PGV as the optimal IM identified in above section. It can be seen that the VGMs do not have any influence on the fragility of the pile. Additionally, the results for the columns reveal a surprising lack of impact of VGMs on their fragility, despite the significant influence of VGMs on the axial force of the column. In fact, it is found that whether VGMs will have impact on the fragility of the columns depends on the configuration of the column, specifically the initial design axial load ratio of the columns. From Equations 6 and 7, it can be seen how the axial force influences the column capacity, which is dominated by the axial load ratio term ÀP∕A g f 0 c . For example, as Elnashai and Papazoglou (1997) previously, VGMs can have a significant impact on the column axial load ratio, potentially resulting in tensile forces on the columns. Figure 6 shows the axial load ratio time history of the column of the chosen CBSF system with and without VGMs for the Pacoima Dam, Northridge earthquake-a large earthquake with PGAH = 0.968 g and PGAV = 0.724 g. The initial design axial load ratio of the column is approximately 0.05. It can be seen from Figure 6 that even for such a large earthquake, the peak axial load axial ratio changes less than 5% for the H & V case compared with the H case. This explains why VGMs do not have any influence on the fragility of the column. Figure 6 also shows another axial load ratio time history of a hypothetical column with initial design axial load ratio of 0.15. The analysis reveals that if the design axial load ratio increases from 0.05 to 0.15, the peak axial load ratio changes more than 15% for the H & V case compared with the H case. Continued increases in the design axial load ratio also result in a continued increase in the percent variation in axial load ratio from dynamic analysis for the H & V case compared with the H case. For the piles, the maximum and minimum axial force of the pile is not significantly influenced by the VGMs because the axial forces of the piles are dominated by the rocking of the foundation and the superstructure caused by the horizontal ground motions.
COMPONENT FRAGILITY CURVES OF THE CBSF SYSTEM
For the expansion bearings, the fragilities at the slight and moderate damage states are similar with and without vertical ground motions, but begin to deviate for the extensive and complete damage states with PGVs corresponding to the median fragility increased by 2% and 4% for the extensive and complete damage states, respectively. However, the fragility curves for the fixed bearings are significantly influenced by the VGMs compared to the expansion bearings for the four limit states. For instance, the PGVs corresponding to the median value of the fragility increase by 43% for the slight damage state of the fixed bearings. The reason that VGMs have more impact on the fixed bearings is that VGMs cause significant fluctuations of normal forces on the bearings and the fixed bearings carry more vertical loads, almost three times as much as the expansion bearings. For the bridge deck, there is no negative bending moment generated under the horizontal-only excitations, which means that without VGMs the bridge deck has basically zero failure probability in the negative direction. The median S a12-SRSS for the complete damage of the bridge deck is 0.869 g. For near fault ground motions, this value is plausible. Therefore, the effects of VGMs should be more explicitly considered in the design and analysis of the bridge deck, especially for bridges located in near fault regions. These figures demonstrate the need to include the VGMs in estimating bridge fragilities for the fixed bearings, the columns with large initial design axial load ratio and the bridge deck.
FRAGILITY SURFACE FOR COMPONENTS OF THE CBSF SYSTEM
From the results of component fragility curves, it can be seen that because only a single IM from the HGMs is used for the components influenced by both HGMs and VGMs, the dispersion for some components (e.g., the fixed bearing) is large. Since the response of structures can depend on both HGMs and VGMs, using vector IMs allows for more accurate predictions of the response by using more complete descriptions of the scenarios . Therefore, vector-valued IMs are used to predict the seismic demand of the components that have large dispersions. While probabilistic seismic demand analysis using scalar IMs is a well-developed concept, incorporation of vector-valued IMs remains a challenging task. This is in part because there are many different parameters that can be adopted as vector-valued IMs and also because the appropriate form of the demand model for vector valued IMs with vertical ground motions is yet to be defined. Fourteen IMs from the HGMs and VGMs (Table 2) E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 1 2 ; 4 1 ; 3 5 5
where S D is the structural demand, and a, b, and c are regression coefficients. The fragility surfaces for each limit state can still be computed using Equation 5.
The results of the fragility curves confirm that the dispersions of the fixed bearing are very large using only a scalar IM from HGMs, and that the influence of VGMs on the fragility of the fixed bearing is significant. Although the dispersion of the columns is also large, the influence of VGMs on the column fragility of the chosen CBSF system is negligible, which means trying to improve the dispersion of the column by adding IMs from VGMs is not practical. However, this does not mean that other vector-valued IMs from HGMs will not improve the dispersion of column EDPs, which is beyond the scope of this study. The dispersions of other components are already relatively low, so in this section, only the fixed bearing is chosen to test the vector-valued IMs including vertical IMs and to construct fragility surfaces.
After comparing the 196 IM pairs, the combination of VSI (from HGMs) and S a2 (from VGMs) gives the smallest dispersion 0.5595 for the complete damage state for the fixed bearings. The horizontal IM and vertical IM vectors of VSI and S a12-SRSS , PGV and S a2, and PGV and S a12-SRSS also give dispersions less than 0.6 while scalar IM gives a dispersion of 0.73. These results are quite reasonable as can be seen from the PSDM analyses that VSI and PGV are good IMs from the HGMs and S a2 and S a12-SRSS are good IMs from VGMs. Again, S a2 is not recommended as explained above, and the combination of VSI and S a12-SRSS is recommended instead. The dispersion decreases by 22% for the multivariate regression using VSI and S a12-SRSS compared to the regression using PGV alone. The coefficient of determination increases from 0.639 to 0.78. For other damage states, the trends are the similar to the complete damage state. Hence, vector-valued IMs can predict the seismic demand better, which means that fragility surfaces can improve estimates of fragilities relative to fragility curves derived solely as functions of a single IM. Figure 7 shows the fragility surface of the fixed bearings for the four limit states. It is observed that the fragility of the fixed bearings is high for the slight damage. However, there is very small probability of complete damage. This result is consistent with the results of the PGV fragility curve.
By comparing the response of the fixed bearings from the results of fragility surfaces and fragility curves, it is possible to assess to what extent fragility surfaces improve the seismic vulnerability analysis. Figure 8 compares the results of the failure probability obtained from the fragility surface and fragility curve for the four limit states. The figure shows multiple slices of the fragility surface with S a12-SRSS increasing from 0.2 g to 2.6 g, in increments of 0.4 g. Figure 8 also shows the failure probability estimated from the fragility surface for each of the 40 earthquakes considered in this paper. It is observed that fragility curves lie between the slices of the fragility surface with different S a12-SRSS values for different limit states. For the complete damage state, because the failure probabilities are very small, the results from the fragility surface and fragility curve show no differences. However, for other damage states, this figure implies that the failure probabilities caused by the earthquake obtained from the results of the fragility curve will be either underestimated or mostly overestimated depending on the amplitude of S a12-SRSS . For the forty earthquakes chosen in this study, 9 out of 40 of the earthquakes' failure probability are underestimated for the slight damage state and 5 out of 40 of the earthquakes' failure probabilities are underestimated for the moderate and extensive damage states, which means that in most cases, the failure probabilities obtained from the fragility curve are overestimated. This highlights the importance of using vector-valued PSDMs and fragility surfaces in the assessment of the bridge seismic vulnerability under the combined effect of vertical and horizontal ground motions.
SUMMARY AND CONCLUSIONS
In this study, a representative multi-span continuous steel (MSCS) girder bridge with liquefiable soil layers is used to investigate the effect of vertical ground motions (VGMs) on the component fragility of the coupled bridge-soil-foundation (CBSF) system. An advanced model of the CBSF system with a three-dimensional bridge superstructure, two-dimensional soil domain for keeping track of pore water pressures and the degradation of the soil stiffness after liquefaction, and one-dimensional set of p-y, t-z, and q-z springs is built in OpenSees to incorporate the soil-structure interaction with liquefaction potential and to account for the seismic response under VGMs. Fragility curves for some key components influenced by VGMs are obtained. Fragility surfaces for the fixed bearings, which are the components that have the largest dispersion amongst the components considered, are also derived to improve the large dispersions that result from using only scalar intensity measures (IMs).
The results of probabilistic seismic demand analysis show that on the basis of efficiency, practicality and proficiency, PGV is the optimal IM in predicting the seismic demands on components influenced by both horizontal ground motions (HGMs) and VGMs if only using a scalar IM from the horizontal motions. When considering the engineering demand parameters that are mostly influenced by the VGMs, like the negative bending moment of the bridge deck and the axial force of the column, the square-root-of-the-sum-of-squares of vertical spectral accelerations at the first and second vertical modes (S a12-SRSS ) of the CBSF system is the optimal IM. Moreover, unlike the horizontal only ground motions, the importance of including higher modes (in particular the second vertical mode) of the bridge when analyzing the seismic response under VGMs is found to be critical because the VGMs excite such higher vertical modes. This importance of considering higher modes is further underscored by the fact that S a12-SRSS is more efficient than spectral acceleration at the period of the first vertical mode (S a1 ) alone. In addition, when considering the effect of VGMs in probabilistic seismic demand analysis, the scalar IM from the HGMs alone will cause large dispersions for certain components of the CBSF system. Therefore, vector-valued IMs are recommended to predict the seismic demand of certain components (e.g., the fixed bearings) under the combined effect of vertical and horizontal ground motions. Results of this study show that the combination of velocity spectrum intensity (VSI) and S a12-SRSS is an optimal vector-valued set of IMs.
Results from the fragility analysis show that VGMs have a significant influence on the fragility of the fixed bearings. However, VGMs have little influence on the fragility of the expansion bearings as attributed to different vertical load distributions to each bearing type. Similarly, VGMs do not have any influence on the fragility of piles as measured by observable pile cap displacements because the axial forces of the piles are dominated by the rocking of the foundation and the superstructure caused by the HGMs. Whether VGMs have an impact on the columns depends on the design axial load ratio of the column. VGMs may also result in deck failures in the negative direction. Therefore, traditional bridge fragility analyses that neglect VGMs will underestimate the failure probability of certain components of the CBSF system. Furthermore, fragility surfaces give better estimates of the conditional failure probability than fragility curves. Using fragility curves based on the IM from HGMs alone may underestimate or overestimate the fragility of certain components depending on the characteristics of the vertical ground motion record. However, results show that the failure probabilities obtained from the fragility curve are overestimated in most cases. This study highlights that the inclusion of VGMs is important for the seismic fragility analysis of CBSF systems located in near fault regions and that using fragility surfaces leads to more accurate fragility predictions, which are essential in decision making about maintenance and retrofit programs.
Although the case study considers a representative MSCS bridge in the CEUS region, the findings of this paper may not be applicable to other geometric configurations and soil profiles, or other types of bridges. Further analysis is needed to investigate the influence of VGMs on the fragility of other configurations and types of bridges in the CEUS region, which is warranted given the results of this study, which highlight the significant impact of VGMs on the case study CBSF system.
